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TRTM REQUIREMENTS AND STATIC-STABILITY DERIVATIVES
FROM A WIND-TUNNEL INVESTIGATION OF A
LIFTING ROTOR IN TRANSITION

By Julian L. Jenkins, Jr.
Langley Research Center

SUMMARY
/6872
A wind-tunnel investigation of a 15~foot-diameter rotor was made to deter-
mine the trim requirements and static-stability derivatives for rotor operation
at transition speeds. In addition, photographs of a vertical tuft grid in the

longitudinal plane below the rotor were taken to indicate the influence of the
rotor downwash on an aircraft fuselage.

The linear increase in longitudinal control requirement with increasing
speed exhibited by the rotor suggests that the longitudinal control-position
Instability encountered at low speeds may be primarily a function of rotor-
fuselage interference effects. The comparisons of experimental with theoretical
static-stability derivatives indicate that the derivatives of rotor thrust,
torque, and longitudinal flapping are predictable at tip-speed ratios as low

as 0.04.
i / @7‘{(& o

INTRODUCTION

The rapid change in the amount and character of induced flow associated
with the transition of rotary-wing aircraft through the speed range of approxi-
mately 15 to 50 knots can produce large changes in the rotor and fuselage trim
requirements. These changes in trim, which often include ranges of cyclic
control-position instability with speed, tend to make precision flight diffi-
cult. Although precision control in the transition speed range is generally of
secondary interest in visual flight, during instrument approaches (as would be
required for all-weather flight), the pilot may be required to hold a precise
speed for several minutes. Thus, design of an all-weather rotary-wing aircraft
requires a thorough understanding of rotor parameters throughout the transition
speed range.

As part of a broad research effort concerning the all-weather capability
®of rotary-wing aircraft, wind-tunnel tests of a 15-foot-diameter rotor were
conducted in the Langley full-scale tunnel to determine rotor trim requirements
and static-stability derivatives at transition speeds. Of particular interest




is the longitudinal trim requirement since it has required special treatment,
owing to control-position instabilities with speed, in the flying qualities
criteria. (See ref. 1.) -

The present lnvestigation was conducted with a two-blade teetering rotor
operating at an initial rotor 1ift coefficient of approximately 0.0045 for a
range of rotor disk angles of attack from 10.5° to -24.5°. Measurements
included rotor forces, torque, and blade flapping and feathering motions for
independent changes in tunnel velocity, collective pitch, and shaft angle of
attack. In addition, photographs of a vertical tuft grid located in the lon-
gitudinal plane below the rotor are presented to indicate the possible influ-
ence of the rotor wake on an aircraft fuselage and trim surfaces.

Calculations that include the effect of a longltudinal variation of rotor
induced flow are compared with measured results to indicate the predictability
of the static-stability derivatives. The equations used to compute the deriva-
tives were based on rotor blade-element theory.

SYMBOLS

The direction of positive forces and angles is shown in figure 1.

A collective pitch angle; angle between line of zero 1ift of blade
section and plane perpendicular to axis of no feathering, radians
unless otherwise noted

a slope of curve of sectlon 1ift coefficient against section angle of
attack, per radian

a' angle between control axis and resultant-force vector, radians unless
otherwise noted

al first-harmonic longitudinal flapping angle, radians unless otherwlse
noted
b number of blades
by first-harmonic lateral flapping angle, radians unless otherwise noted
c blade section chord, ft
Ed,o mean profile drag coefficient
Cy rotor drag (H-force) coefficient, . : S
prR2(QR)2 '

CL,R rotor 1ift coefficient, —+-—

pR=(QR)2




Cq

In

Vi

K'

Q

rotor torque coefficient, ——e—mW—
pnR2(OR)2R
o 5\1/2
rotor resultant-force coefficient, (CT + Cq )
rotor thrust coefficient, T
prRE(R)2

longitudinal component of rotor resultant force perpendicular to
shaft axis, 1b

mass moment of inertia of blade about flapping hinge, slug-ft2

rotor 1lift, 1b

rotor torque, ft-1b

rotor radius, ft

rotor thrust along the shaft axis, 1b

free-stream velocity, ft/sec

induced inflow velocity at rotor, ft/sec

rate of change of induced velocity along fore-and-aft diameter of
rotor, v tan.é, ft/sec

control-axis angle of attack, radians

rotor shaft angle of attack, radians

L
mass constant of rotor blade (blade Lock number), B%EE—
h

rotor inflow ratio, Vsina-v

OR
Vi
rotor inflow varigtion parameter, &
. V cos a
rotor tip-speed ratio, - —

mass density of air, slugs/cu ft

rotor solidity, %ﬁ



X wake skew angle, tan'l(%%) + aj, radians

Q rotor angular velocity, radians/sec
APPARATUS

The rotor installed in the Langley full-scale tunnel is shown in figure 2.
The rotor had a diameter of 15.00 feet, a constant blade chord of 0.64 foot,
and a corresponding solidity o of 0.0543. The blades were untwisted
NACA 0012 airfoil sections and had a Lock number 7y of 4.85. Rotor thrust and
torque were measured with strain-gage instrumentation located in the rotor sup-
port tower. (See fig. 3.) This apparatus automatically corrected for thrust
loads carried by the blade pitch-rods and for the frictional torque of the
swash plate.

Blade flapping and feathering motions were sensed by strain gages and
recorded on an osclllograph. A Fourier analysis was performed on these data to
obtain flapping and feathering coefficients. The impulse from a 2h-cycle sig-
nal generator was recorded on an oscillograph and used to determine rotational
speed and blade azimuth position.

A large ground-reflection plane was installed approximately 14 feet below
the rotor to minimize the problem of wind-tunnel Jjet-boundary corrections.
The resulting corrections are discussed in the following section.

TESTS AND CORRECTIONS

The tests were conducted at a tip speed of approximately 465 fps, which
corresponds, in hovering, to a tip Reynolds number of 1.89 x 106.

The procedure employed to obtain the static-stability derivatives was to
trim the rotor disk normal to the shaft for a given shaft attitude and tunnel
velocity at a rotor 1lift coefficient of approximately 0.0045. From these ini-
tial trim settings, small, independent changes in collective pitch, shaft angle,
and tunnel veloclty were made and the resulting data recorded. These measure-
ments were plotted against the independent variables and the slope through the
trim point determined. The derivatives were obtained at rotor angles of attack

of 10.59, -4.5°, -14.59, and -24.5° for tip-speed ratios from approximately
0.0% to 0.17.

The datea have been corrected for hudb and fuselage tares. A stream~angle
correction of 0.5° to angle of attack was also included.

Jet-boundary corrections have been applied according to the procedure out-
lined in reference 2 to obtain free-stream conditions. Generally, these cor-
rections were small (less than 1° angle of attack and 1.5 fps velocity), except
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for the lowest speeds at 10.5° and -4.50 where the angle-of-attack corrections
were 3.6° and 1.4°, respectively. 1In order to obtain corrected data at con-
stant angles of attack, estimgtes of the jet-boundary corrections made prior to
the tests were used to set the rotor attitude at such an angle that when the
measured data were corrected, the desired rotor attitude was attained.

The overall accuracies of the data are believed to be within the following
limits:
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Rotor tip speed, fPpS . « ¢ ¢ 2 ¢ ¢ o ¢t o o o o o o o o o o & 1
Flapping and feathering angles, deg . . . . . « . « « . . & 10.25

CAICULATED STABILITY DERIVATIVES

The equations used to calculate the static-stability derivatives are based
on the simple blade-element theory described in reference 3. Two significant
modifications should be noted. First, the equations include a term to account
for a linear, longitudinal variation in inflow. (See ref. %.) Second, the
flapplng coefficients were determined by summing moments for a teetering rotor
as described in reference 5. This summation results in equations for the
lateral flapping by and its derivatives that are functions of the longitu-
dinal inflow parameter A'. The equations are presented in the appendix with-~
out development inasmuch as the development parallels the procedure described
in reference 6.

The procedure followed in calculating the derivatives was to use the meas-
ured blade collective pitch Ay, the control-axis angle of attack a, and the
tip-speed ratio p and to vary the inflow ratio A until the calculated
control-axis angle equaled the measured angle. With the inflow ratio deter-
mined, the derivatives were then computed. A constant lift-curve slope
(2 = 5.55 per radian) and a mean profile drag coefficient (Ed,o = 0.0l) vere

used for all calculations.

Since the equations for the thrust and in-plane force and their respective
derivatives are referenced to the control axis, these derivatives have been
transferred to the shaft axis for comparison with the experimental derivatives.-

RESULTS AND DISCUSSION

A summary of the rotor characteristics for rotor tip-path-plane angles of
attack of approximately 10.5°, -L4.50, -14.50, and -24.5° is presented in fig-
ure 4. These data are averaged values of the individual coefficients and
angles for all similar trim settings of the tests. Since fuselage aerodynamics




and accelerations and type of rotor operation (pure helicopter or tilt rotor)
fix the rotor attitude, these data at constant rotor attitude over the range of
tip-speed ratios do not represent exact conditions of transition flight. How-
ever, the range of angles should be sufficient to indicate notable effects for )
both pure-helicopter and tilt-rotor operations.

The large changes in rotor torque with speed indicated in figure 4 illus-
trate one of the problems assoclated with the transition. Such changes can
significantly affect the pilot's ability to perform precision maneuvers during
low-speed instrument flight. TFor example, when operating on the back side of
the power-required curve at a rotor angle of -4.5° (an approximate, pure-
helicopter attitude), the 30-percent reduction in the torque coefficient from
a tip-speed ratio of 0.0k to 0.17 indicates a change in directional control for
most helicopters as well as a change in collective pitch.

Flight tests have indicated that cyclic control-position instability with
speed can occur during transition. (See, for example, refs. 7 and 8.) However,
the longitudinal trim curves, the variation of a' with V/QR presented in
figure 4, do not indicate any trend for a control-position instability at nose-
down attitudes. In fact, the curves increase almost linearly with tip-speed
ratio for the range covered. This result suggests that longitudinal control-
position instability may be due primarily to the effects of aerodynamic wake
interference on the fuselage and trim surfaces and therefore would be highly
dependent on the particular alrcraft configuration.

The lateral trim, as denoted in figure 4 by the lateral flapping bj, shows
a trend indicating a control-position nonlinearity. This nonlinearity is
believed to be a function of the longitudinal variation of inflow. Calcula-
tions 1n which a linear, longitudinal inflow variation was considered, accounted
for approximately 50 to 60 percent of the measured cyclic values of lateral
flapping. The calculations also indicated nonlinearities in lateral flapping
for the range of rotor attitudes and tip-speed ratios covered in this investiga~
tion. The remaining discrepancy 1s belleved to be due, in part, to coning
caused by blade bending, inasmuch as this coning also contributes to the lateral
flapping of a teetering rotor.

Static~-Stability Derivatives

Rotor static-stability derivatives with respect to collective pitch A,

angle of attack a, and V/QR are presented in figures 5 to 7, respectively.
The experimental derivatives are compared with derivatives calculated from the
equations included in the appendix. A discussion of the relative importance
of the stability derivatives 1s presented in reference 9.

Although the theoretical derivatives presented are based on equations which
include numerous simplifying assumptions, the agreement between experiment and
theory for the Cp derivatives is very good and that for the Cq and aj

derivatives appears, in general, to be acceptable for tip-speed ratios as low as
0.04. The other derivatives (CH, by, and a') do not show good agreement; how-

ever, the inconsistencies that exist between the experimental and theoretical
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in-plane force (CH) derivatives can be attributed, in part, to experimental

error in measuring the small in-plane forces from which the derivatives were
obtained. Since the angle between the control axis and the resultant-force
vector a' 1is a direct function of the in-plane force, derivatives of a' are
also dependent on the accuracy of in-plane force measurements. The assumption
of a constant profile drag coefficient in the calculations would also cause
both the torque and in-plane force derivatives to be underestimated and would
have a more significant effect on the derivatives with respect to collective
pitch than on derivatives with respect to angle of attack or velocity since
the mean blade-section angle of attack increases rapidly with increases in
collective pitch.

The discrepancies which exist between the experimental and theoretical
lateral flapping by derivatives are primarily in magnitude rather than trends

and can arise from two sources. First, coning of the rotor due to blade
bending may affect the lateral flapping derivative; and, second, underestima-
tion of the linear, induced inflow variation could cause the lateral flapping
derivatives to be underestimated, as is generally the case for the derivatives
presented in figures 5 to 7.

In order to evaluate blade bending effects, the lateral flapping deriva-
tives were calculated for a free-to-cone rotor (including induced inflow varia-
tion) and are presented in figures 5 to 7. Although, in most cases, these cal-
culations are in better agreement with the measured results than are those for
the teetering rotor, these calculations are believed to be representative of
an upper limit for the lateral flapping derivative of a teetering rotor with
blade bending considered. Since the bending effects on lateral flapping thus
cannot fully account for the discrepancies between the experimental and theo-
retical derivatives, it appears that the inflow variation parameter A' 1is
underestimated. In fact, as illustrated in reference 10, the inflow variation
in the longitudinal plane is not linear and the areas near the leading and
trailing edge of the rotor disk show an inflow variation with a direction and
magnitude which could produce the type of discrepancies noted herein.

Tuft-Grid Photographs

Photographs of a vertical tuft grid parallel to the longitudinal axis,
approximately 2 feet to the right of center, and below the rotor to indicate
the influence of the rotor downwash on an aircraft fuselage are presented in
figures 8 and 9. Although data were not taken at tip-speed ratios less than
0.043, photographs of the flow field at a tip-speed ratio of approximately
0.032 are presented. The rotor wakes at this low tip-speed ratio appear to
have essentially the same pattern for all six attitudes. (See, for example,
fig. 8.) There is a definite rolling up of the wake at the leading edge of the
rotor which is similar to that produced by hovering in ground effect. As speed
increases, this rollup moves downstream and has essentially disappeared at a
tip-speed ratio of 0.08. (See fig. 9.)

This rapid transition of the rotor wake from a nearly vertical pattern
(hovering) to a more horizontal pattern could seriously affect fuselage and




trim-surface aerodynamics. The problem of rotor~fuselage interference, however,
is complex, and conseqeuntly an evaluation of interference effects at low
speeds will be highly dependent on aircraft configuration.

CONCLUDING REMARKS

Trim requirements and static-stability derivatives have been determined
for a 15-foot-diameter 1lifting rotor operating at transition speeds. The lon-
gitudinal trim measurements exhibited an almost linear increase with increasing
speed. This linearity infers that the longitudinal cyclic control-position
instability sometimes encountered by helicopters at low speed may be primarily
a function of rotor-fuselage interference effects. Also, the tuft photographs
indicate a rapid transition of the rotor wake from a nearly vertical pattern
to a more horizontal pattern that could seriously affect fuselage and trim-
surface aerodynamics.

The comparisons of experimental with theoretical static-stability deriva-
tives indicate that the derivatives of rotor thrust, torque, and longitudinal
flapping are predictable at tip-speed ratlios as low as 0.0k.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., November 13, 196L.




APPENDIX

SUMMARY OF EQUATIONS FOR COMPUTING STABILITY DERIVATIVES

FOR A TEETERING ROTCR

The equations presented are based on the simple blade-element theory

described in reference 3; however, a term to account for a linear, longitudinal

variation in inflow has been added.

Derivatives of Average Induced Velocity

The equations for computing the derivatives of the average induced veloc-

ity with respect to collective pitch, angle of attack, and velocity are

gaf2 )
Z 4
5(3 “)

av -_
1/2
aAO (u2+)\2)/ _ vA + o8
QR 1/2  8aRr
(aR)?(u2 + 22) /
2
p,l_ M +E(l-2Aop.tana.)
v _ I!QR)a(uz + 12)1/2 °
3
R CCETS AR N
2 8
8 @32 +22) 7 O
v(V - v sin a)
%‘-’(QAO;; cos a + sin a) -
o _ ()22 + 22)?
)
' (u2 + %2)1/2 - A 75t %?
ar(u? + 22)

(1a)

(1v)

(1e)



APPENDIX
Derivatives of Longitudinal Induced Velocity
The equations for computing the derivatives of the linear, longitudinal

induced velocity with respect to collective pitch, angle of attack, and veloc-
ity are

8
3v z H
.___1.'.=_a_v__tan_+ v > - 1 + 2 _l_l_av (28.)
Mg Ok 2 LreosXly L2 (y2432 1. 12)0r 3,
1.2
1+ =
V1 dv X v Ve - Vv sin « 2[.12 s H
T =— tan = + > T 5~ T 2za,lta,not,
da da 2 l+COSX(QR)2<u2+)\) ]_..-2-“ l-Ep,
1 2 B ov
- + b
<“2+)\2 l_;“2>QRSE (20)
2
1.2
1+
?_Y_l_____a_vtanzc_+ v [vcosa + 2" a) cos a
N W 2 1+cosx"(QR)2(u2+)\2) 1.1,2 R
2
s 2usina [/ 1 _ 4 2 _p_x_g_v_ (2¢)
(1_£u2>QR W2+ N2 1o 12RO

Derivatives of First-Harmonic Longitudinal Flapping Coefficient

The equations for computing the derivatives of the first-harmonic longi-
tudinal flapping coefficient with respect to collective pitch, angle of attack,

and V/QR are
2u 4 QR ov_
day 5 34,

= (3a)
9o QR(l -= u2>
L 2
o8y 2u 1 v 1+3u
> -l_£2<-ﬁ-§;>-al-————l-g;u2tana (3b)
2
d 1+ pl
a{ll = ag -————21—- cos a + ———gﬁ——(sin a - ?) (3c)
fr) u(-3) opk '
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APPENDTX
Derivatives of First-Harmonic Lateral Flapping Coefficient

The equations for computing the derivatives of the first-harmonic lateral
° flapping coefficlent with respect to collective pitch, angle of attack, and

V/OR are
| 3b 1 dv
| = - — (4a)
i Mo 93(1 +2 u2) Ao
3v. b.utan o
by oL 4+ L (D)
da. SZR(1+!'-p.2> l+lu2
Bbl ) 1 Bvl bju cos a (he)
a_v_.‘l-*--];ugg-l-{-}.uz ©
OR 2 2

Derivatives of Rotor Thrust Coefficient

The equations for computing the derivatives of the rotor thrust coeffi-
cient with respect to collective pitch, angle of attack, and V/QR are

Cr gafe, o 1 dv
ﬁ-r<g+“ —-SE-B-E) (58')
Lp g a_.l_i)
—a?:-f“-a%uztan T S0 (5b)
SZ—CT%Sz%a-(EAOp cos a + sin a - %) (5¢)



APPENDIX
Derivatives of Rotor Drag-Force Coefficient

The equations for computing the derivatives of the rotor drag-force coef-
ficient with respect to collective pitch, angle of attack, and V/QR are

_ o2 v [, w32, %3 2
— = [Bal-u?\+ (AOQR 2QR>+8A02)‘+alu+3A°>

Sor boil
+ abl b + l“:l (6a)

S0 1 2 1 2.3 1l ov 3
5::%[}.(%%--;—-531 —gbl)\‘>tan0.-Ao[J. +§alu+ﬁ-5-&<l\ou-§al>

da1(p 3 b1 A’ 9V3 byp
£ = A + + 6b
+5a.<5A0+2 +a1“> 3% 8 @ u B0R (6b)

cosor,-Ao(7\ cosa+psina)+%alsina

+ % a,%cos a + % biA'cos o + %(Aog - % al)

oa
+——J'—-<-2-A0+%7\+alp> +

()"

ob ' dJv-. b
lll7\+ 1 21t (6c)
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APPENDIX
Derivatives of Rotor Torque Coefficient

The equations for computing the derivatives of the rotor torque coeffi-
cient with respect to collective pitch, angle of attack, and V/QR are

3C ov 3b
__q=ga;.1_1(; _}.')__i(% 1 2_;-)_;
2%3%1‘1)1 = A S, by + 5 b - A A

Ao
o
1w 1 _i@ 1, .2 e)
9R5A0(3A°+)‘+2a1“) A, “7‘+ha1+8"1“] (7a)
aCQ oa/) v 1 1 “d,o o 1., 2
S;— =.7? Eﬁ.- 3- - W 5 —2= + ] - g‘al - g'bl - =<8 tan ajtan a
1 2-alvutana+Li—Ao+7\+-l-a) a_aluv (1+§_ 2)
2 M T xR M) "5 |2 - "I\ T8 H
ob ov
__pztm]J,aTl[%w bl(ﬂl.+gu2)]+.;§&i(%bl-%w) ()
oC c
R e (LIS
()
8,V v (A s % [y 3,
*?ﬁ”“*sv(‘f*“e A al(E*s“ +
(&)
ob ov, /b '
1A' by 2) 1__:5_>\_)
+a(l[T'T(l+'“ AV (e)
)
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APPENDIX
Derivatives of Resultant-Force Vector Angle

The equations for computing the derivatives of the resultant-force vector .
angle a' with respect to collective pitch, angle of attack, and V/QR are

da' aCH aCT cos?a
= - t == 2 8
Shg <aAO Sy a) Cr (82)
1 2 1
oa = aCH - BCT tan a! Losa (8}3)
da da da Cp
1 BC 2 |
da Cp - T tan a1 c0872' (8c)
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Figure 1.- Notation showing positive directions of forces and angles.
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Figure 2.- General view of 15-foot-diameter rotor installed in Langley full-scale tunnel.
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(¢) ag = -bk.59. )
L-64-10201
Figure 8.- Variation of wake pattern at various angles of attack for a constant rotor 1lift,
-
A%

Cr » = 0.0045. V/QR = 0.03
L,R
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3k

(d) ag =-9.5°

(£) o = -29.5°.
Figure 8.- Concluded. L-64-10202




V/9R = 0.032 V/OR = 0.043

V/GR = 0.064 V/OR = 0.086

(a) ag = -Lk.59,

L-64-10203%

Figure 9.~ Varlation of wake pattern at various tip-speed ratios for a constant rotor 1lift,
CL,R = 0.0045.
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0.032 V/QR = 0.043

V/QR = 0.064 V/QR = 0.086
(b) ag = 10.5°.

Figure 9.~ Concluded. L-64-10204
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